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given the large, bst varying tension variations. This need for efficiently assessing the
fatigue life of cables led to the present study and the development of the cable fatigue

methodology. The developments of the present, second phase of the study werc based to

a. major degree on the previous phase results, providing very efficient «omp»t< r

procedures as described in the sequel.

One major decision was made at the beginning of the study: The drag not>linearity

was to be linearized stochastically and the cable dynamic code was to employ frequ<»<y

domain techniques by iterating with respect to the nonlinear drag effe< t unt iI

convergence was achieved. Substantial time was devoted to compare the predictions <>f

this procedure with a fuHy nonlinear, time-domain methodology derived during the

previous phase of this study. This decision led to the development of very efficient
computational!y methods to treat the very complex problem of long term cable fatigu<.
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where:

rn = Mass per unit unstretched length

rn = Added mass per unit unstretched length

T = Effective tension
e

e = Strain

p = Tangential displacement relative to the static configuration

q = Normal displacement relative to the static configuration

v = Tangential velocity of cable in the moving coordinate system
t

v = Normal velocity of cable in the moving coordinate system
a

p = Angle between horizontal line and cable  p = go+ y>j

Dynamic angle

po � � Static angle

F = Tangential drag force
t

F = Normal drag force

The compat.ibility equations for the mooring lines must be satisfied.

t Bj Be
v

Bi Bs ~ Ot

B5
+ � v, = �+e!�

Ks Bs Bt.



Finally, a constitutive equation for the cable must be added
B8

T =f e,�,s!
at

�.3I

Equations �,1!, �.2! and �.3! constitute the complete set of the nonlinear two-

dimensional dynamic equations � equations with 5 unknowns!.

An important simplification of the dynamic problem is obtained when the solution is

assumed to consist of a quasi-static part, which is slowly varying in time and represent» 0

change in the mean configuration of the mooring line, and a dynamic part, which

constitutes small harmonic oscillations around the mean position. The governing

equations can then be separated in nonlinear static and linearized dynamic equation», ln

this section, we investigate the linearization of the nonlinear dynamic equations

T � T + T

0 =40+0!

�.cj

Finally, we obtain the following set of equations in the  p,q! coordinate system

~2 OT! d$0
m � = � +F � T>2 Os tl 0 ds

Bt

~2 d$0 04! dT0

0 1

Ds ds E A
� '>!

2.2.2 Linearization

We derive the equations governing the dynamics of small deviations  p,q! from the

static configuration along the tangential and normal directions respectively, by

expanding the set of nonlinear equations �.1!, �.2! and �,3! written in the moving

coordinate system about the static configuration and neglecting higher order term», i.e.

we set:



with

Ftl ="t to =

F.I=Fn F.o

where; F 0 and F 0 are static drag forces, respectively

Also it can be shown that the equations for the in-plane dynamics  p,q! including the

compatibility equations, are completely decoupled from the equation for the out-of-plane

motion  r!, for the case of a static two- dimensional configuration. For a proof, see IBliek

scj.

2.2.3 Numericsl Solution of the Linesrixed Problem

The governing equations �.S! can be solved using numerical methods, The governing

equations written in the Fourier domain are:

dT! dgola
� m p � � T

dgo d p! dTO
� M~" q = T! + To+ib uq +

dp dP T

ds > ds EA

dq dPo
� + p � = p> �+ep!

i; here subscript 'a' in the equations denotes the amplitude of the < orr~il>on<ling

dynamic quantity.



The problem is reduced to a set of four ordinary differential equations with two

boundary conditions at each end.

Different methods can be used to solve the problem numerically. Using the linearity of

the equations, shooting techniques can be used to reduce it to an initial value problem,

which can be solved by classical integration techniques.

Another possible method is the use of implicit differences, to reduce the problem to a

set of linear algebraic equations. Unfortunately, when a realistic grid length is used, the

number of equations becomes very large.

An explicit centered difference scheme was selected to solve this problen>. The

centered difference scheme allows a transfer matrix formulation of the probleni, The

boundary conditions can easily be handled in this formulation [Keller 60].

The linearized dynamic equations are rewritten in matrix form.

dT

-m~ 2

ds

t dT04<<

TO 4

440dp 1

EA
pdsds

de
1+e0

ds

dq

0
ds

where, b is the equivalent damping coefficient,

We rewrite this as;

dy
�, = A s! y s!

wIt,h: y  s! = Tt p p q !

t dlt'0

T0 ds

df0

0 4,

 Mu + ib~!2

0

0



Using centered differences, the following difference scheme is obtained:

6<>- 1 hs
y. 1 �� [1 � A s. 1j] [I+ ' A s.j] y.

=B. y.

Due to the fact that the static variables are slowly changing with respect to the spatial

coordinate, the difference scheme will give acceptable results, except, when the wav»

length becomes of the same order as the grid length. The overall error i» 0 �» }, T<>
find the expression relating the two ends, we can write:

a � 1

i= 1

%e write:

11 12

l2.10!o22

1f motions are imposed at the upper end of the cable, the following relation is obtainerl:

boILT
Lop

11 12 boL

21 22

'%op

Therefore,

� 1
21 Ill:;]  '!.1l }

Ti>i. }>rovidr» a dir<ct relation between th< inspos<.d n>otion» «t, the t<>l>;>n<} th<
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unknown dynalnic angle and tension at the top. The matrices cEll and c>,,l are obtainerl
from the matrix multiplication

n-1

These matrices can be calculated explicitly and they are functions of the st:>ti<.

quantities, the frequency and the grid length.

The difference scheme can also be used to calculate the dynamic variables along the

cable. When the displacements and the dynamic tension and angle at the top

known, the problem is an initial value problem which can be integrated directly.

The eigenfrequencies for the cable can be found by imposing zero n>olio» I>ou»~l:>ry

conditions at the top, and by searching for the frequencies which give the p>vi rni»g

equations a non-trivial solution. This can be written according to �,11! as:

Det [ e~  ~!] = 0 le ls7!

A search of the roots of �.12! is done by a root-finding method which locates th<

eigenfrequencies within a desired accuracy.

2.3 Terminal Impedances

2.3.1 Introduction

The concept of termination impedances has been widely used in the design of guy> d

masts  See for example [Davenport 6G]!. In mooring line design, the fermi» a t i< >n

impedances can also be useful. In this section we will discuss some introductory cc>»<.~ pcs

about terminal impedances. This will allow us to calculate the eigenfrcquen< i>s and ihc

linear response for multi-leg systems. The concept discussed here is only valid l'or li»e»r

systems. In the case where equivalent drag damping is used, the superpositio» l>ri»i ipt>,

is not valid anymore, so that the combined response can only be obtained by addi»g the

equivalent impedance coefficients with the correct motion for each leg of a mi<lti-leg

system.



2.3.2 Terminal Impedances in Two-Dimensions

The upper end of the cable is excited by an externally imposed harmonic motion. The
mooring line termination impedances are defined in the following way;

S {~j S   j

Sy�{~j Syy{~!
�. I'3!

where: x: complex amplitude motion, horizontal direction

y: complex amplitude motion, vertical direction

F�: complex amplitude force, horizontal direction
F: complex amplitude force, vertical direction

The resonance frequencies are the poles of the impedance transfer functions. Th<
mooring line admittance matrix can be calculated as the inverse of the impedance
matrix. In practical applications, the above transfer matrices can be used to find l>ody
motions and dynamic tensions.

At the top of the cable, sinusoidal motions in the x direction and the y direct ion u rc
imposed. The dynamic forces at the top are obtained as:

S = [ T>> cosW - T sing p<> ]/A�
  !. I I!

[ T>> sing + T cos4 p>> ]/A�

where: T< j, 4<> are the dynamic tension and the dynamic angle,
respectively, caused by external motion in the x direction

S = [ T<�cosp - T sing p>�]/A
 'P, I >!

[T ~snip +T cosf b ~]/A

where: T .�y>�are the dynamic tension and the dynamic a ugly,
respectively, caused by external motion in the y dir~ ction
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The dynamic tension at the top due to unit motion in the x or the y direction is;il»<i a

very important transfer function. It indicates how much dynamic tension is genernt«l iii

the cable by a unit amplitude motion, and can be used directly in fatigue analysi». 'I'lie

dynamic tension transfer functions are defined as;

STx Tt j/Ax

�.16!
ST � � Tt q/A

The solutions of the above equations can be obtained by solving the linearized dynainic

equations in the frequency domain. Solutions were obtained by using a finite differe»<e

scheme.

2.4 OVERVIEW OF STATIC AND DYNAMIC ANALYSIS FOR

MULTI-LEG MOORING SYSTEMS

The principal properties of a mooring line were studied in the previous year's effort;is

described in [Triantafyllou 86I, In order to develop a multi-leg fatigue an;ily»i»

methodology the following steps were necessary:

1. Development of a multi-leg static solution handling several multi-segment

lines of arbitrary configuration.

2. Development of a, stochastic drag linearization methodology for a single lin<

excited at the top in both directions, with random imposed motion» of' give»

power spectral density.

3. Development of a statistical methodology to evaluate from calculated p<iwer

spectra of the dynamic tension the resulting fatigue damage.

The complexity of the overall solution is due to the substantial proc<»»i»g <if a I»rye

number of input arid output data. Indeed, a number of storms must be c<in»i<ler<d in

order to adequately describe the long-term environmental statistical pr<>pertie». l';a< h



storm is described by a power sea spectrum, prevalent weather direction, current

velocity and direction and associated probability of occurrence.

For each storm the power spectrum of the tension is derived, based on the st<>r<n
characteristics, the six-degree-of freedom Response Amplitude Operators  R,A. !..i! of the
moored vessel, and the drift forces acting on the vessel, since these define the sloivli
varying positions of the vessel, about, which the fast va'rying oscil}ations will occ»r.

The vessel is drifting slowly about a position of rest due to wind, current a»d
 especiallyj the second order wave forces. The subject of wave drift forces is by no
means completely understood, especially as to their statistical distribution and magnitude
content. As a result, it was deemed appropriate to specify, for each storm, a number of
drift force combinations, together with their probability of occurrence, so that on~ c:»i
completely describe the drift force distributrion, without the limitations of a ip~< ifi~
theoret,ical formulation. This increases the computational effort somewhat «nd re<i»iris'
the preparation of the second order force combinations before hand.
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Table 2-1: Required Data for The Moored Vessel

1. Six degree of freedom Response Amplitude Operators  Amplitude and Vhasej

as a function of frequency and relative wave direction, The operators are

input for a number of discrete frequencies and for a number of discrete

angles.

2. External loads, including wind loads, current loads and drift forces acting on

the vessel for each storm specified. More than one coinbination can be

specified for each storin to adequately describe the statistics of the second

order forces. An associated probability of occurrence is required for each

drift force combination.

3. Fairlead positions to be used for the multi-leg static program and to evaluate

the imposed motions at the end of each mooring line, based on the H.A.O,» of'

the vessel.



Table 2-2: Required Data for The hlooring Lines

1. Number of mooring lines.

2. Direction of each mooring line relative to a fixed X,Y system.

3, Characteristics of each mooring line: Number of segments. F' or»a< h

segment the unstretched length, weight in water, mass and added mass per

unit length, drag and frictional coefficient, drag diameter, Young's modulus,

area are required.

4. Pretension for each line. Based on the fairlead positions  vessel data, Tahl»

2-1!, the directions of the lines and the static results the anchor positions ar»
fixed and hence the overa/1 mooring characteristics can be d»riv»d. On»

complication is the current whose direction may vary. hence alt»ring th»
static characteristics of the mooring system l'rom storm to storm.
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Table 2-3: Required Data for The Storms

1. Total number of storms for each storm.

2, Probability of occurrence.

8. Significant wave height and modal frequency to describe a Bretschneider

spectrum, or alternatively the sea spectrum  point by point! for a discrete set

of frequency points.

4. Current direction.

Table 2-4: Required Fatigue Data

1. The coefficients of the S-N curve for each line.

2. If an experimental S-N curve is available, the number of data points in the 5

N curve and an S-N data file must be given as input.



2.5 Multi-Leg Static Analysis

Th«, complexity of the multi-leg static problem is due to the nonlinear behavior <>f «sch

individual line and the effect of current which affects each line differently,

The input required for each line is complicated already, so in a multi-leg cn»<

efficient, arrangement of the overall input becomes a necessity, ln particular, it. nuh<» a

substantial computational difference if all lines are identical and the <urr<nt i» a<r<i,

versus the  complex! case of having several different lines.

As a result, two different approaches were studied, one to handle id<'ntic;il lin<i .>n<l

one to handle completely different lines.

In order to solve for each individual line, we employ the methods dev«1<>ped in th<

previous phase of the project [Triantafyllou 861. These methods are very w< ll t«»t«<1 an<1

the algorithms very efficient.

One major assumption is that each static configuration is two- dim«n»ional, V<>r thii
reason, in the presence of a current only the in-plane component of th< current v< 1<i«I!y

is taken into account. The effect of the out-of-plane current component i» very sr»»ll f<>r

metallic lines.

Also, the direct wave load on each line is neglected, Given the large force» tran»niitt«1

by the vessel on the lines and the exponential decay of the wave loading this as»unipti<>n

is justified for all realistic mooring problems.

The first step in a multi-leg static solution is to position initially the anchors relative to

the fairlead positions. This is a very crucial first step because all subsequent solution»
are obtained in reference to the position at rest, while the pretensions are fixed for th»

subsequent static and dynamic analysis.

ln order to get the initial position of the system, we should first determine th<
pretension at the top of each leg  fairlead! and the fixed deployment position of anchors,
without external loads and current. The pretensioned position of the multi-leg mooring
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system obtained from the static equilibrium condition changes into a different poiitio»

due to external loads and the effect of the current accompanied by a change in the

tension.

Here, the change in static tension is assumed to be a function of only the horizontal

distance  t ! between the anchor position and the fairlead position   H = Htl ! or T =
X K

T l ! ! and the relation between the deviation and external loads represents the stiffness
x

of the multi-leg mooring system. Therefore, the final step of the procedure is to find the

spring constants and to derive the functional relation and its derivatives between the

horizontal distance l and the top tensile force  or top horizontal force!.
x

The differential changes of the total holding loads  equal to the negative of external

loads! due to the differential displacements of the system can be obtained easily through

the following simple manipulations of derivatives by using the geometry of the system,

2.5.1 The Derivation of The Holding Loads and Spring Constants of Each

Leg

anchor

 x+, yA!

Figure 2-1: Displacement of the Fairlead and the Anchor



The deviation from the initial position of the offshore structure can be expressed by the

small vector of motion and rotational angle {xo, yo, 8'0! and the resulting fair[cad motion

from the point P<  xpo, ypo! to the point P> {xp, yp! with respect to the fixed aiichor
position A {x<, ! <! can be expressed in terms of this vessel motion. l lnder t lie

assumption that the holding force in each line is a function of only the horizoni'll

h = h l ! = h[ I  xo, �, e ! ]

f�= h . cos 8!

r =h sin e!
v

rrn  xp xo!  yp y0!

I'~,17 I

where:

xo � � x-component of the displacement of the origin

yo � � y-component of the displacement of the origin

80 � � angle of rotation of OPi

0 = orientation angle of i-th leg at the moved position

= angle of OP>
P

= the horizontal distance from the fairlead to the anchor
X

f = x-component of the holding force h of i-th leg
X

f = y-component of the holding force h of i-th leg

rm = moment due to the holding force f and f
x y

F'rom the geometry, we get the following relations;

j cos P! = x~- xp � x~- xo � OP cos 8 +8~!

distance from the fairlead to the anchor, we can find the relations h = li l ! and the

spring constants by using the geometry of each line.
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sin e! vA yA yp Pl  ~ +tp! �,18!

From the equation �.18!, the derivatives are obtained as follows:

B
Bl

� cos lI! = cos 8+ l   � sin 8! � = � 1
Bxp x Bxp X Bxp

B
Bl

x Bx x
  l cos 8! = � sin 8 + l  cos 8! � = 0 �.10I

Therefore,

Similarly,

>0!

The spring constants for the i-th leg are expressed by the followinK symmctri«>natrix

from equations �.17! and �,20!'.

� 2/I

Bl

= � cos 87
Bxp

Bl�
� = � sin 8,
Bf p

Bl

� = OP sin  8 +8 � 8!,
B8 l P

BE BE BE

Bxp Qp BHp

BE BE BE
v

Bx By BH

Brm Brrn Brm

B"0 Byp Bep

BH sin lI

Bx l
X

BH � cos 8

Byp l�

B8 l
cos  a +ep � lI!

Ba l V



2 1

db ~ hS> 1 � � �   � cos H + � sin e !
1 1

X X

h dh
S =   � � � ! sin Hcos H

12 l dl
X X

a r� af

S13 OP1sln  H +H'0! + OP1cos  e +ep!v o exp 1 1 o ay0

Of�
S�, = � = S121 @ 12

0

dh 2 hS2�� � �   � sin H + � cos H !
dl l

X X

OE
Y

0f
3'

S23 � OP sin  e +ep! + OP cos  e +Hp!p 0 r3x 1 p 0 ay

Df
X

S = � = S1331 ge 13
0

5f

32 Q 23

S33 I OP1sin  e +Hp!f + OP1 cos  H +H0!f
R 8f X

OP 1 cos  e + Hp! OP 1sin  H +ep! I



2.6.2 Spring Constants of the Multi-Leg Mooring System

The spring constants of the whole mooring system are found simply by surrrrrrirrg tire

spring constants of each line.

BF BF� BF�

Bx~ OyO {980

OF BF BF
x

Oxo Byo 08

ORM ORM ORM

Oxo Dy0 Bt�

where: N is the number of lines

N

RM= P  rm!.,

2.6.3 Calculation of the New Position due to External Loads

The relations among external loads, spring constants and the deviations are expressed

in the following equations, neglecting higher order terms.
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Of Of Of

x ft x,y,8! = ft' xO yp'8O! + 8  ! a+'  } O+~  ! O

Of�Bf Of�
F = f~ x,y,8! = f� xp,yp8o!+ 6  ! +E  ! o+f  !

Of~ Of3 Of~
RM = f3 x,y,8} = f! xo,yp, p} + b  ! +   ! +z  !

Ox Oy Oq

E� = -F � 23}

E =-F

where:

x =xo+ 6

y=yp+r

8= 8o+ ~

 x,y,8! -. new position

 xp,yp,8O! . previous position

From equations �.22! and �.23!, with known external loads, we can calculate the ncw
position of the offshore structure and the static tension at each line. Usually, the initial
position, under pretension only, serves as a starting position for the iterative m»thud
which has good convergence qualities. At each intermediate position produc»d at »very
iterative step, the spring constants of the whole system are calculated again -hand th»
difference between the position at the j-th step and the previous position st. the j- l tlj
step is used in the convergence criterion. Finally, once convergence is achieved. the
static tension and the new position which corresponds to the given external loads ar»

calculated.
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In this chapter, therefore, we will show the methodology employe<l in finding the
equivalent damping coefficient to replace the nonlinear drag term, and the iteration
scheme needed to converge to the correct result,

This was done in the previous year's effort for monochromatic excitation. I're»ently

this is extended for two random inputs at the top  in the x and z direct,ion» respectiv<ly!

of known spectra and relative correlation.

3.2 Stochastic Linearization of Drag Forces

The drag force plays a major role in the dynamics of mooring lines [Triuntafvll<>u 8G].
The drag force is the dominant force on the cable and alters significantly th< ~»<>ti~>t> <>f
the cable caused by excitation of the fairlead. The restraining effect <>n the»i>ru>;il
motion causes a build-up of dynamic tension, This increase in dynamic ten»i<>n i» iver>,

significant and should be appropriately modeled to obtain accurate tension predicti<><>».

The success of the equivalent linearization in the harmonic case enco«rage» the <>»< of a
similar technique for a random excitation at the top. The use of <quivsl<nt itatiiti<'>I
linearization of the drag forces has been studied extensively in the context of wave for< < i
on a pile. The description of the equivalent drag force will play a major role in th<
study of the mooring lines under random excitation,

Borgman's work on the subject can be considered the basis for the »tati»ti«al equival<»i
linesrization [Borgrnan 65a], [Borgman 65b] and [Borgman Gr]. Also, Psulling d<riv< d
the equivalent drag force in. the presence of a current [Psulling r9!. An <xpli< it
expression for the drag force in the presence of a current., based <>n Vaulling'~
formulation, has been given by Triantafyllou [Triantafyllou 82].

3.2.1 Equivalent I inearization of Nonlinear Drag under Random Excitation
The velocity of the mooring line is assumed to be a random function of time an<1 in <hc

presence of a steady current, the relative fluid velocity is assumed to be a  'a»»»inn
stationary random process of variance e and mean value u�, Then the  'uu»»ian

probability density function is the following;



26

U t! = uo + u! t!

� '-'!

From the density function �.2!, the probability density function of w i» ol~t»i»ed»»d

its procedure is given in the following.

First, the cumulative probability function P  ~! is derived, Second, in order to obtai»W

the probaility density function f  ~!, we differentiate the cumulative probability

function.

P  ~! =P[w �.3!

P[�  i it/2! if  > O

=P[U   � I[JI/ ] if~ �

Therefore,

i 1/2
P  ~! = f� !! dx

 X � u !
� exp[ ]d!

2� �.-l!

Then, w = u t! iu t!i is a square of the relative velocity and represent» the»onli»ear

drag with an appropriate damping coefficient.
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where

sgn ~! = 1 if w ! 0

=-1 if~   0

The drag force is

F t! = C~ u t!iu t!I �.6!

Its equivalent force can be expressed as the sum of a mean force Fo plus a tir»e

dependent part which is proportional to the velocity u  t!
F =Fo+Cu  t! �.7!

where: Fo � � CD uIut

The residue R, which is the difference of the equations �! and �!, is the following
R = F,-F t!

= Fo+ C,ui t! - CDu t!iu t!I �.8!

ln order to minimize the mean square of the error between the equivalent drag force

and the nonlinear drag force, we differentiate R" with respect to the linearized

equivalent damping coefficient C .
2

OB
� 2F u +2Cu -2C u u~u~=0

'e
�.9!

Since i>I � � 0 and u> � � 0, the equivalent damping coefficient

�. 10!
 D

C, = � uiuiui

  sgn ~! ~~~ � uo !"1,/2 2

exp[
20'



CD
=, [u lu] � u,uIu[]

According to Paulling [Paulling 70],

D ~ oo  <-~
   +v!
C � [ P exp[ ]+ exp[ ] f dg

2 2

2
a u0 2

  +I !
   exp[ � ] � exp[ ] ! d 

0 2 2

1

Do 0[ 1 02]vS~ "

where

I
CD � P CD DO

I> � � the First Integration in Equation �.11!

I2 � � the Second Integration in Equation �,11!

a

Finally,
2

I = pl + 2pV2n erf  � ! + 4exp  !2 2

2

I = v 2~ l+p ! erf  � ! + 2pexp  !
2





As a result we can use the procedure outlined in Table 3-3 to achieve equivalent,

stochastic linearization. We note that the two inputs cause no additiona1 complexity,

other than a change in the procedure for iteration. The methodology in Table 3-3

guarantees that the relative phase angle between motions in the x and z directions at the

top are taken completely into account.

3.3 Comparison between Stochastic I inearilzation Results and

Nonlinear Simulation Results

Stochastic linearization is achieved by assuming a certain probability density function

for the internal variables of the problem. This probability density function for our

problem is assumed to be Gaussian.

The assumption of Gaussian distribution has certain limitations for the tension. lt is

obvious that when the dynamic tension exceeds the value of the static tension, an

additional nonlinearity appears, i.e. the enforcement of nonnegative tension by clipping

off the large negative peaks, Also, the resulting snap motion may reinforce the positive

peaks.

Our findings from investigating realistic mooring configuratins are that the most loade<l

lines are represented very weH by stochastic linearization in most cases, making our

fatigue analysis valid. The least loaded lines and extremely rough seas cause peak

tensions which may require special treatment, as described in the last chapters of this

report.

The basic test, therefore, described herein is that for Gaussian distribution of the

tension. ln order to consider a realistic mooring case, we considered a s~rni-suhmeriibl~
1

in 700 meters of water depth �,100 ft!. The line is wire with 3-, inch dianieter, it.s length

is 1,700 m �,100 ftj, the elastic stiffness is EA = 9.83XIO lb, the drag coefficient is  '

= l.2 and the frictional coefficient has been neglected  C = 0!. The pretension is

1S7,000 lb.

We studied the dynamic tension in the line when a fairlead random excitation ii
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imposed in the x-direction only. Figure 3-1 shows the assumed spectrum of the imposed
motion, whose standard deviation is 0.628 m �.06 ft! corresponding roughly to

significant wave height of 2.512 m  8.24 ft!.

The dynamic tension was studied by using

~ the statistical linearization methodology employing frequency domain

techniques

~ a fully nonlinear solution for the dynamics of a single line, as described in the

first phase of the project ITriantafyBou 86].

Figure 3-2 shows the time trace of the x motion imposed at the cable top, assuming a

Gaussian distribution of the motion and using the spectrum of Figure 3-1. The Gaussian

assumption is well justified for ship motions. Figure 3-3 shows a detail of Figure 3-2 as

an indication of the structure of the input.

Figure 3-4 is the time trace obtained from the nonlinear code for the tension. A detail
from Figure 3-4 is shown in Figure 3-5, again to indicate the nature of the response,

Table 3-4 is the statistical analysis of the input motion. The target standard deviation

was 0.6286 m and the achieved value in the time realization is 0.6233 m. This is <l»e to

the use of a finite record  l050 sec! and the deficiencies of the used pseudo-ran<le»»

number generator to obtain the time realization.

Figure 3-6 compares the normal probability density function  target pdf! with the
achieved pdf in the time trace of the x motion shown in Figure 3-2.

The resulting time trace of the tension has a probability density function shown in

Figure 3-7, where the norniul distribution predicted by the stochastic !in  arization ii;il o
shown. Agreement is very good and it can be said with confidence that for sui h levels of

excitation the tension is normally distributed.
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The statistics of the tension trace are shown in Table 3-G to confirm this result. The
predicted standard derivation is

nonlinear program cr = 27,928 N

stochastic linearization ~ = 28,849 N

The difference is 3.3k% Actually if it is taken into account that the achieved
spectrum of the x motion is slightly lower than the target spectrum  see Figure 3-6!, this
difference would be actually smaller.

3.4 Comparison between Stochastic and Harmonic Linearilation

In both cases of harmonic and stochastic linearization the mean square error between
the linear and nonlinear terms is minimized in a certain sense, based on reasonable
assumptions.

In the case of harmonic excitation a harmonic response is assumed and the average
energy per cycle between the linear and nonlinear terms is minimized.

In the case of stochastic linearization a certain probability density function is assunied
for the response  Gaussian in our case! and the variance of the difference between the
linear and nonlinear terms is minimized.

The question arises as to whether in the limit the two predictions would agre<. i,<. Iii
tal-ing a very narrow band spectrum to have the same prediction from the st<>«Ii;isti<
linearization and the harmonic response program.

This, although at first seems like a plausible hypothesis, is actually incnrr«<.t and ii ii
worth explaining why.

A very narrow band spectrum provides linearizations which resembl< the "Ii<;>t"

phenomena. It contains a carrier sinusoidal function of constant frequence equal r<iugliI~
to the average frequency of the narrow band and the amplitude is modulated fr<un n<-sr
zero values to a certain maximum value.



Even if we proceed to make the spectrum infinitesimally small in width, but of finite
constant area, the realization will always show a modulated time function, i,e. it will
never become a perfect, constant amplitude sinusoid.

This is the reason why in a nonlinear solution the predictions using stochastic
linearization will never agree with those of a harmonic linearization program. In fact, a
constant difference of about 30% will be obtained 'in the limit: let  " denot< the

equivalent damping coefficient obtained by stochastic linearization and <'> the coefficient
obtained for harmonic excitation. If a very narrow band spectrum has variance o, the

"equivalent" harmonic has amplitude V2 0, hence, using Table 3-1.

This is important to remember because cross-checking of the two procedures will be
always subject to this difference in prediction. Also, the use of a harmonic linearizntion
procedure to obtain an equivalent Response Amplitude Operator  R.A.C!.! will be subject t
to these constraints making the predictions inaccurate.
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Table 3-1: Drag Linearization

Approximation:

1
� p C D uiu~ F  s!+C s! u

where

p = water density

CD � � drag coefficient

Do � � drag diameter

u = cable-fluid relative velocity in the transverse direction

 U=uo + U  t!!

Fo s! = equivalent average force per unit length

C  sj = equivalent space dependent damping coefficient
e



Table 3-1, continued

1. Sinusoidal Response u

C = p C~D0~qa

~D ~ q  a+1/2!

C = � p C> D ~ q [ �  a +2!V1 � a +asin a]2

F = � p C D ~ q j a+1/2!sin a+-aVl � a j2 2 2 -1 2
0 ~ w D 0

uusin P
where: a- mq

q = amplitude of normal displacement

y = total angle of cable



Table 3-1, concluded

2, Random Response u

P 1
C =V--p C D o

e q2 N' D 0 00 = 0

U0 ~

where:

= variance of u

u0 � � mean of u

u =u/~

erf x! = error function of x

2
pC = V- p CD D0 a [exp - � !+ pV-erf  � !j

2



Table 3-2: Drag Linearization Algorithm for Sinusoidal Input

Fxcitation at the top

x t! = A sin ~ot!

z t! = B sin ~ot+y!

where

A, 8 = amplitudes of imposed motion in the x,y directions respectively

~0 �� excitation frequency

g = relative phase angle between x and y motions



Table 3-2, concluded

Algorithm

l. Assume an initial damping coefficient b sj for a discrete set of points s. along
I

the cable

2, Determine the motion response in the transverse direction at all points s.,
I

using frequency domain techniques and the damping coefficient. b sj

3. Using the formulae of Table 8-1, determine new damping coefl'icient b' sj at,
all points s,

N

4 If P !b' s.,! � b s,.!!

,where ~ is the tolerance for accuracy, then convergence has been a«liibv«<l.

Otherwise we employ the new damping b' s! and proceed to repeat step  >!

and so on



Table 3-3: Drag Linearization Algorithm for Random Input

I'.xcitation at the top x t!, z t! random processes of spectra respectively

8�  != iH� w!/ S   !

where $1  ~!, H  ~! the corresponding R.A.O.s of the cable fairlead point.

and S  ~! the sea spectrum S  ~!, S, ~! are known at, a discrete set of
frequencies ~..
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Table 3-3, continued

Algorithm

l. Assume an initial damping coefficient b s! for a discrete set of points s. along
I

the cable

2. For each frequency ~< assume sinusoidal excitation at the top of t,he fornl
x t!= H �! e'k

z t! = H  ~~! e' k

and determine the transverse velocity at each point s,, V ~ <,s.I. usingI' k'! '

frequency domain techniques and the damping coefficient b{s!.

3. At eah point s, find the spectrum of the transverse velocityI

1

and hence the variance at each point s, by numerically integrating the

spectrum S  ~k! with respect to the frequency
I

4. Using the results of Table 3-1, find at each point s, the new <lan>l>ing
coefficient b'{s.! based on the variance o>l

1

N

5. If Q  b' s,  � b s     

where ~ is the tolerance for accuracy, then convergence has been achi< veal.

Otherwise we employ the new damping b' s! and proceed to repeat step  '>!

and so on.
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Input Spectrum of the x Motion

Figure 3-1: Input Spectrum of the x Motion
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Table 3-4: Statistics of Input Motion

1 Value

fiedlan
Uar lance

8 9
10
11
12

0 Statlstlc

1 Count  N!
Sum
f1ean
SEM  s. e. of mean!

StDev  sd!
Maximum
Pi l n I mum
Range
Skewness
Kur tos l s

SOGI.OOCOOQ
16.8993:.9

0.003379
0.00S814
0.002333
0.388516
0.62331>

l.545785
-I.598778

3. 1445e3
0.00S34I

760.81205I
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and the achieved pdf for the x Motion imposed at. the top



Figure 8-7: Probability Density Function of the Tension as Predicted
by Nonlinear Simulation, Compared with the Normal Distribution



4. Methods for Fatigue Analysis

4.1 Introduction

The ocean structures are subject to random loads, so the stress at each point can bc

modelled as a random process. In this chapter we study the statistics of dyna»sic

response quantities such as stress, tension, displacement, etc. in order to use thr,»> to

predict the fatigue failure of multi-leg mooring systems, subjected to the dynamic c ff«.t»

ol' the ocean environment,. In order to describe the frequency content and intcniit~ <>f' a

random vibration environment it is convenient to use its power spectral <4»»ity

[Crandall 63],

As part of a procedure for the preliminary design of mooring systen>s, a stochastic

cumulative fat,igue analysis model is developed using dynamic spectral respon»e anal' iis

techniques. In the fatigue failure approach, it is postulated that each stress cycle imposes

on the material an infinitesimal damage, which depends primarily on the peak anip!it i«li

of the excursion sIt! and is accumulated over time. Each consecutive cy< I< inflict»

additional damage and the total damage is the sum of each individual damage. Fail»re i»

said to occur when the accumulated total damage reaches l00~~. Given t,hat. the

struct,ure is subject to millions of cycles it is possible that the total damage will

eventually cause failure to the structure [Triantafyllou 80].

4.2 S-N Curves

The physical mechanism of fatigue is the creation of microscopic cracks which grow

slowly until one of them is subject to a random, large, local stress in which case the

crack develops rapidly causing fracture. In order to obtain fatigue data experimentally, it

is necessary to run tests on specimens of the material, or the system of interest. 'I'he

major part of fatigue data has been obtained from tests with constant aniplitude, in

which the mean stress is zero, but some investigators have obtained dat,a regarding the

effect of mean stress. The modified Goodman diagram approach is usually used to

include the effect of mean stress [Wirsching 80] and  Dowling 88].

From tests of a large number of identical samples the S-N curve can be plotted, iihich



gives the mean of the statistical distribution of fatigue lives obtained for given slrt.'ss

amplitudes. The curve is assumed to be of the form

NS~=C

where:

S = the stress level [ stress range or stress amplitude, see eq. �.8!j

N = cycles to failure

b and C are empirical constants

The next chapter provides detailed S-N data for a mooring system which is composed

of wires and  orj chains. Also a summary of references for fatigue data is given in a

separate appendix.

4.3 The Palmgren-Miner Rule

In the case of a stress which is a random process rather than a sinusoidal]y changing

function, the prediction of fatigue failure is very difficult and is usually based on the

linear damage accumulation hypothesis, proposed by Palmgren and Miner as a sin>pie

model for a relative criterion.

According to this hypothesis, if n cycles of constant stress amplitude s have been

experienced, then the material has used up a fraction of its fatigue life equal to n/5,
where N is the number of cycles at which failure occurs under uniform amplitude s,

When therefore the structure is subject to n> cycles of a sinusoidal stress requiring N>
cycles for failure, and then to n> cycles requiring N> cycles for failure, and so on, then
the total cumulative damage is;

M n.

D=P-
>=1

If D ! 1 then the structure is considered to be failed, otherwise it is safe agaIn~t

fatigue, Note that under this hypothesis there is no restriction regarding the order ol'



application of the various stress levels. Several hypotheses different from the Palrngren-

Miner rule, were presented for the fatigue model in PVirsching 73].

4.4 Fatigue Failure due to a Stationary Random Stress Process

Suppose that the dynamic response s t! is a stationary random process des«ribed by a

spectrum S ~!. In order to determine the spectrum of stress in a structure, we need to

find the relation of the stress to the source of excitation, such as the wave elevation.

When this relation is linear, standard techniques can be used that make the calculations

very easy.

In a narrow band process, individual cycles can be easily identified and by using the

Palm gren-Min er hypo thesis one can ascribe an incremental dar»age to each «y «le.

Accumulating these damages leads to a total damage D T! for a time period T.

In a wide band process, the first step in estimating the fatigue life is to represent the

history by a reasonable number of stress blocks where each block is composed of a

number of cycles of constant stress. The most widely accepted method of ry«le «ounting

for fatigue performance evaluation, is the Rainflow method, which identifies all cycles,

including cycles which occur within larger cycles [Kenley 82]. Also P.II. Wirs«hi»g has

presented several papers on the fatigue design procedure for structural «le»i«nts

subjected to a stress process, modeled as stationary wide band Caussian. He estimated

fatigue damage easily by considering an equivalent gaussian narrow band prores», ivhi«h

gives conservative but reasonable results, relative to the rain-flow algorithm  Wirs«hing

4.4.1 The Analysis for the Mean Values of the Damage

Let ! be the average number of zero-up crossings per second. In a time period T w<

expect:

M=>T

number of cycles.



n s ! = ~T p so!ds

I.et us denote by N sp! the number of cycles required for the material to break, at the
stress amplitude so. Then the damage on the material due to all cycles having peaks
between so and so+dso is:

 o! P o!
� = !T � dso
N '0! N '0!

The total expected damage E D! according to the postulate mentioned above is:

p so!
E{D! = ! T dso

0 N so!

1
= xT'E [

N so!

If the random response s t! is normal, then the peaks have a Rayleigh distribution.

2
so Sp

p sp! = 2 e"p  �, !
a 2p

S 6

�.7!

When we use the S-N curve of eq. �,1! as the fatigue model, the expected damage can

be expressed as:

XT b
s 2

0
E[D{T!J = � s + exp   � ! ds

2 Q g 2
5 8

where the S-N curve is based on the stress amplitude so {S0N C'!

The possibility of these cycles having stress amplitudes between so and so+dso is
p so!dso, where p so! is the probabilty density of the peaks. The expected number n so! of
such peaks is:



= � �E2~! r l+b/2!
XT

C~
�.9!

where Ifx! denotes the Gamma function of x, and
the S-N curve is based on the stress range s .

 S,N =C, s,=2s0!

This result gives the expected damage from an ensemble of narrow band stress histories

of duration T.

4.4.2 the Application to the Multi-leg System

The sea, state is not stationary for long periods of time and is modelled as a piecewise

stationary Gaussian process [Karadeniz 82I. We are given the probability of each sea

state through the statistics of H /, T

Then we can define a damage for each combination H /, T

D H,T ! = T! H0,T0!.P H =H0,T =To! �,10!

p s = so/H0,T0!

N so!

where T is the life period of the structures in sec, The total damage is defir ed as;

D T P H H0 T To! x H0 To!
0 0

0' m 0

�.11!

P s=sp/Ho TO!

Jo N s j

In a similar way equations �.7! and �.l! can give the following expression for long

term applications.



D � ' ! P H ~ =H,T =T.l >, [gMT Q1+b/2!
C i' rn j ij 0 ij

where:

Mp is the LreR of the spectrnm S u!

M2 is the second moment of the spectrum S ~!



5. Fatigue Data

5.1 Introduction

Wire ropes and chains are increasingly used for deep water applications when dynarrric

tension can be substantial. This trend makes it necessary to improve our understanding
of the long term behaviour of wire ropes and chains under cyclic loading.

Comprehensive laboratory tests for a variety of ropes have been carried out, but th<..

number of cyclic tensile load testing of metallic ropes for marine use is very small

compared with that of cyclic bending tests, especially for large diameter ropes.

Tests on single wires [Thorpe 83] have been carried out to gain a better understandi»g
of the fatigue failure process in wire ropes. Data for sr»all diameter wire ropes  less tl<an

50mrnj are available. [Matanzo 72], [Lucht?7], [Stange M], [Thorpe H:3], [Wat< ri 8'i];<»<l
others. Recently developed systems, such as the Tethered Buoyant platfor»<, the C'»ye<I

Tower, Water Energy devices and OTEC systems require large diameter wire ropes f<ir
the mooring system.

A method for predicting the service life of large diameter wire ropes fr<»» s»tall r<>p<

tests would be beneficial because of the relatively high cost of testing Iarg< dian>eter wir<

ropes.

5.2 Summary of Important Data

8.2.1 Wire Rope

Results of fatigue tests on single wires [Thorpe 83] provided the following facts.

~ Fretting in air has the most deleterious effect on fatigue lif<. Tl<ii ii

supported by the single datum for air testing fr<>rr> the NE1, wire r<>p< i<'4t~,

which lies on the extrapolation of the single wire fretting line  Fig.6I.*

~ Synergistic interaction between corrosion and fretting can <a<tse a substa»tial

reduction in fatigue life for wire ropes in seawater  Fig.7!.*

* see Appenc<ix
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~ I'atigue endurance has a strong dependence on stress range, but no effect of

the mean stress has been observed in air  Fig.3!." Also [Matanzo 72],  l,ucht.

77] and [Ronson 80] derive the same conclusion.

~ Corrosion-Fatigue endurance is decreased with increasing mean stre»i  Fig.4!.*

This observed trend is contradictory to the results of wire ropes reported in

[Hanzawa 81].

Fatigue Data for small diameter wire ropes can be obtained from several refere»<ei.
Data for a specific wire rope with 1/4' diameter is illustrated in [Starige 83!. M;rt:»rz<>
presents data for 1/2" diameter wire ropes in air and in seawater [%1atanz» 72]. l}i
studied the effect of core and corrosion and concluded that Lang, IWRC wire rot»

appeared to be the best for marine applications, although it suffered the grc;itcit loii iii
fatigue life due to corrosion  Fig.4!.'This conclusion is, however, not in agreement with
the API SPECIFICATION [API 84b] and results from [Acaster 72].

Ac aster and API SPECIFICATION recommend right. lay, regula r I ay. 19 I l '.

preformed, galvanized or bright  bare! wire ropes for mooring systems [API ala, b.'>:3].

The U.S. Steel Corporation has performed a series of tests on smallwire riipe» siitli
1/2' to 2-11/16' diameter in axial tension fatigue [Lucht 77]. Lucht suggest» that there
may be a fatigue limit for wire ropes in axial tension fatigue  Fig,4!.*Frorrr the ilat:i
obtained in the Seacon experiment  Table 3! and Woods Hole Buoy Farirr  Fig..i!,'tliiy

concluded that plastic jacketed, drawn galvanized, torque balanced wire rol>ei witli
booted terminations provide performance superior to any other wire rope ci»il'igur,ii iorr.
The superiority of plastic jacketed wire ropes over bare wire ropes is al»<i cxliibiri il iii
fatigue data of Bergen Wire Rope [Savastano 67].

Hanzawa [Hanzawa 81] shows the possibility of extrapolation of fatigue data for irii:ill
diameter wire ropes in order to predict the service life of large diameter wiri- r<>pci. }li
developed a new wire breakage detector for the internal wire breakage, niaking itic of

acoustic emission and an accelerometer.

* see Appendix



In that paper, the 85mm diameter Hanger rope exhibited a superior fatigue endurance

than the 50mm diameter hanger rope made with similar rope constrution  Fig.4!,*'l'he

Battelle North West Laboratory also concluded that under certain conditions the

performance of large diameter wire ropes in bending couM be predicted from t,eats on

small diameter samples [Waters 85] and [Alzheimer 81], However, Waters concluded

through his collection of fatigue data from several published papers that the extrapolaton

of data is inappropriate  Waters 85]  Fig.l!. *

5.2.2 Chain

Unstable failure of a brittle manner is found to be the major failure niechani»nl

preceeded by little or no fatigue cracking. Conventional fatigue failure terminated 1>y a

ductile final fracture is far less frequently reported for marine structurei such as <Irillh>g

units or for similar short term uses. This is supported by the records from D."~X in [Berg

80] and  TaraMsen 85] and from ABS in [Stern 78].

Fatigue tests by SHELL in Netherlands show the relative fatigue life of the different,

types of chain subjected to alternating load between 800-1200 KN [Helvoirt 82]. Ai for

connecting elements, the Kenter-type connecting link has been found to be the weakeit

part in each mooring line and hence the use of continuous chain is recommended for

permanent mooring systems  Table lj.~This inferiority of connecting links is alio»l>own

in ABS records [Stern 78]  Table VI!.*The veritas Joint Industry research proje«t wai

performed on 76mm and 40rnm diameter chains of common links and connecting linki «f

3 cyclic load levels in air [Lereim 85]  Fig.3!.*Although these fatigue result» are not

representative ol' real fatigue strength in corrosive environment, the data suggeit that

connecting links of Kenter type should be avoided in lines used for long term permanent

moorings, where fatigue considerations may become critical.

The effects of corrosion and preload on chains with different grades were examined «t

the laboratories of Domnarvete Jernverk in Sweden  Celander 72], The fatigue tests

show the negative effect of corrosion and favourable effect of preload, as expe«ted

 Fig.4!." The proof load, or preload, stiffens up the material and changes the»tre»s

picture in a favourably way, because a repeated load on a proof-loaded link muit first

overcome the negative stress at the most exposed point of the link tFig.2!,

* se e App endi x



Wear failure of the Mantiloc 4 1eg anchor chain has been reported [Shoup 84]. During

the storm two chains failed b�' excessive interlink wear and the remaining two chains

were worn about 50'% through. Comparative wear tests on V3 and V4 steels and Model

basin tests were carried out and investigations from both tests revealed that the causi of

wear fatlure was excessive wear generated by large values of interlink force and motion

induced by the dynamic behavior of the antisymmetric 4 leg mooring pattern  Fig.l t!.*

5.3 Comments about Fatigue Data for Marine Use

Published papers about the fatigue behaviour of large diameter wire rope are rarely

found, especially in the case of cyclic tensile load test. Most summaries of papers written n

in the previous chapter are made from small data base and reveal somet im~ s

disagreement between conclusions of different investigators. Although these resiilti «nd

conclusions do not represent completely the real trends in a corrosive environment, as

required for marine applications, the data presented here can be used to derive useful

suggestions in developing test programs in future. In conclusion, it appears advisable to

plan and conduct systematic test, programs of cyclic tensile load testing for large

diameter wire ropes and chains.





1. Material nonlinearity which causes a stiffening of the curve of tension versus

extension for high tension and a weakening for low tensions eventually

knowing that the cable cannot carry compression. "Material nonlinearity

refers to the properties of the helical structure of a wire, or of the link of a

chain, rather than the material itself  steel!.

2. Ceometric nonlinearity of the extension-displacement relation resulting fron>

large amplitude motions,

In the case of mooring systems, we have shown that the effect of nonlinear drag is so
drastic that rrrakes arnplification  resonance! of motions impossible. We are certain,
therefore, that the amplitude of motion is at most equal to the motion at, the top, whi«h
for the wave frequency range is very small compared to the cable length.

 fI 2!T = N e!

the relation between tension snd extension.

We will not consider geometric nonlinearity because it becomes important, for very taut
 practically impossible! cables or for large motions  compared to the mooring line
length!, which do not occur in mooring systems within the wave frequency range.

In order to approximate the effect of the nonlinearity, we consider a linear relation

T = b.-e

Since the nonlinearity is memoryless and time-invariant, the equivalent linear systenr is
a simple constant. It should be noted here that hysteresis effects known to occur in
synthetic lines can also be represented through a frequency dependent term,

Large tensions, however, can be obtained even for small motions, due to the effe< t of
drag. Hence, the stiffening of the relation and, especially, the leveling-off to ensure non-
zero tensions may be important. Let us denote by



The assumption here is that both e and T are stationary random processes. Then we

wish to have the optional linear approximation in the mean-square sense; i.e, [4 idyssagar

78] min E{ IN .!-~ .]'~
A>0

The condition is easy to derive; i.e.

E  ef N e! - 5 . e ] J = 0

or, if p e! is the probability density function of e

f
OO "2

e N e! p e! de = 6 e p e!de

e N e! p e! de/z,

where, o is the standard deviation of e
e

Application:

Figure 6-1: Relation between Tension and Extension



The tension T denotes the dynamic tension and e the dynamic extension, Let T0, en

denote the static tension and extension respectively. Then the relation is assumed to be

that of a perfect limit, as shown in Figure 6-1.

Let us further assume that e is Gaussian distributed, and zero mean; i.e.
2

1 e

~ v~~ 'e
e

�.7!

where e is the standard deviation of e.
e

Then

-e0 2
4 = �  T0 ep e! de+ b e p e! de!

� 00 -e
0

Discussion

The assumption of a normal distribution, therefore, may not be a good one if the levrl
e0 is frequently exceeded, when a severe distortion of the distribution of the tension will
result. Such a case, however, has much more severe impliations, becuse frequent loss of
tension implies snap phenomena, which require by their own nature, a time d«main
analysis. In addition, the response cannot be assumed to be stationary.

As a result, we use this approximation to include the stiffening-weakening effects of the
tension-extension relation for cables and not to study pathological cases, The Gaussian

assumption is then justified.

The issues in such approximations are: How good is the optin>al fit and what is the
probability density function of T, The first question can be answered usually through
agreement with exact solutions, while the second one has further repercussions, becauii
T is the outcome of a. system of partial differential equations affecting also e and hence

the motions.





Figure 7-1: a Segment of the Cable around the Touchdown point

� M � � =T � +F
Bt dt 00x

Equation �.2!.

By introducing �.1! in �.2! we conclude

 M  � ! � To! � =F �.'3!at x=g

with the restrictions

�.4! geometric}

where F is the impuisive force acting at C, and M is the mass augmented by the added

mass per unit length. It should be noted that the effect of the dist.ributed forces is nil in



 resistive force!F� �.5!

As a result of restrictions �.4! and �.5! we find

Tp
 a! for I � i ! d-

dt M
�.t !

the slope can be positive as well as the resistive force F

d  To
 b! for I � I   V'�

dt M
�.7!

the left hand side of �.3! is negative by virtue of �.4!, which violates �.5!. Then the

only possible solution is that the slope and the resistive force F are zero.

7.3 Representation of the Bottom Boundary Condition

In the previous section we showed what the proper form of the b<jtto»i l><»»i<I;vari

condition is. In this section we select a represent. ation that is both <<~rr« t «n<l

convenient for our numerical implementation.

For this purpose we consider a cable of length L whose static configuration ii ta»'»»t

at the bottom. We consider the lower end supported by two springs, one vertical with

constant 8 and one horizontal of stiffness h  See Figure 7-2!.

If p,q denote the tangential, transverse displacements respectively, T th» dy»at»i<

tension and p the dynamic angle, then:

The criterion �.6! and �.7! can be easily identified with a comparison between t.he

speed of lift-off and the phase velocity of the transverse waves of an equivalent, taut

string. Because the configuration of the cable is tangent to the bottom at rest, th»re is

no first order coupling between transverse and longitudinal dynamics  at, that, point!;

hence transverse motions are transmitted like those of a taut string.
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Figure '7-2: Spring Constants b and 8

T 4=8 q

Y = b-p at s = 0

ats=Lq=0,p= 0 �.9!

are the linearized boundary conditions, with To the static tension.

0 ~  kl! EA
2 � cos  kL! �  kL! [ � � � ! � 1]!HL ! 2 bl

t7,10!

In order to acquire some understanding of dynamics, we consider the curvature as

constant and equal to a  this is correct to first order for high tension to cable weight
ratio!, Then if E denotes Young's modulus and A the cross-sectional area, the l'irst few
natural frequencies are given by the equation  correct to first order in c !:
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IkL! EA 0
+ sin kL! kL  [1+ � ] + � � 1! = 0

where;

�.11!

EA wL
= �   � ! cos

Tp Tp
� 1'-'!

with Tp an average tension of the static configuration  assumed constant with our
simple derivation!,tt the inclination angle, w the weight per unit length and m the mass

a

per unit length.

If we let 8 and b tend to infinity, then we derive the equation of Irvine and  'aughcy:
kL �

2 � � cos kL! + kL sin kL[   � ! � 1 ] = 0 I7,J:l!

If we let the vertical spring constant tend to infinity, then we derive:

kL ~ EA
2 � � cos kL! + kL sin kL[   � ! [1+ � ] � 1 ! = 0 �,14!

We observe that if we define !,

wL
= �   � ! cos

Tp Tp
�. 1'i !

The derivation of �.10! follows the steps of nur earlier derivations for the natural

frequencies of cables, subject to the different boundary conditions �.8!, �.0!. Wc chose

to assume the tension and curvature constant so �,10! does not provide any hybrid

modes as it should, but it will serve to illustrate important properties.



with

1 1 1
� = � +-

EA bL

�, Iv!

then �.14! reverts to Irvine and Caughey's equation �.13! with >, instead of ! .

As we have shown in our last year's study, the principal effect of drag is to increase the
catenary stiffness to the point that the cable prefers to stretch rather than vibrate
transversely, This happens at the higher frequencies when we wouM expect from our
criterion to see possible impact forces. As a result, since all our excitation occurs at the
top, we conclude that our modeling, in accordance with �.1D!, must be as follows:

1. for transverse dynamics we may assume a large constnt 8, which makes use of
the result that drag limits transverse motions substantially.

2. for longitudinal dynamics it is absolutely essential that we apply the modified
boundary condition so as to ensure an accurate value of the elastic stiffness.

Indeed, equation �.14! indicates a substantial shift in dynamics due to the
horizontal spring. Equation �.14! indicates also that we can use instead of a
new boundary condition  as in �.8!! a modified stiffness KA directly in the
dynamic equations. This is purely coincidental but of convenience to our

numerical scheme.

In conclusion, our analysis has shown that the cable bottom interaction requires in the
general case complete rewriting of the bottom boundary conditions. For cables in water,
however, the principal effect is to alter the effective elastic stiffness, which is of
paramount importance in determining the level of dynamic tension.
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Canclusion and Summary

The basic conclusion from the previous phase of this study on mooring dynamics was

that cables are subject to substantial tension amplification in deeper waters, because

they are forced by the action of drag to employ the large elastic stiffness, instead of the

small catenary stiffness, in response to oscillatory excitation in the wave frequency range.

The basic conclusion from the present, second phase of the effort is that multi-leg lines

have a relatively small fatigue life in deeper waters, due to the basic a»iplifi«ation

mechanism discovered during the first phase, ~Triantafyllou 861 The finding»>skis the

use of the present package very useful, because it allows a realistic estimate of the

fatigue life at a reasonable small cost.

For most sea storms the linearization of drag, as it has been «xtc»dcd in the sc«o»d

phase to handle stochastic excitation, gives good results, compared to a fully»o»li»car

code, A method to account for "clipping" the dynamic tension when it reu«he»»eg»tiv~

values exceeding i» magnitude the static tension, and for accounting for the «ahle-

bottom interaction has been provided. In both cases it has been assumed that these

phenomena do not reach pathological levels. A badly designed system may exhibit such

levels, which can be identified through the present analysis by checking the dyna»ii«

tension: Although the exact magnitude is not predicted accurately, the o< «ure»~ «of

violent tension oscillation is identifiable, when, of course, fatigue calculatio» are not

needed, since the danger for direct failure is greater.

However, for the cases tested the assumptions used were valid, The «ascs c»iploycd

realistic sea dat,a and a wide variety of storms. For most of these storm» the dynamic

amplification due to the drag action has been identified as the most imports»t ~!erne»t of

cable response.

In checking the various assumptions we found overall very good agreem«nt b«tw«<» th«

stochastic Iinearization results and the predictions of fully nonlinear programs.

One item, however, deserves special attention: the boundary condition at the bottom.
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As we explained in detail in the previous chapter, the basic change in the dynamics of a

cable due to having part of the cable on the bottom is the additional spring constant

introduced by the extensibility of the mooring line lying on the floor. It is very

important, therefore, to introduce the equivalent elastic stiffness as explained in this

report instead of the actual stiffness. This takes some engineering judgement, but it is

well worth the effort,

For the same reason special attetion must be paid to selecting the proper value for the

 equivalent! Young's modulus of the wire or chain, which can be different, even by a

factor of 10 from the value of Young's modulus for the material.
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1 Wire Rope



l.l Selecting %fire Rope for Oceanographic Applications

[Savastano 67]

~ What is Wire Rope ~

~ Constrution: 7/variety, 6/variety, BXvariety and IWRC, etc

~ Materials: Galvanized Aircraft Cable, Improved Plow Steel, a Vlasti<

Jacketed

~ Oceanographic Wire Rope

~ Fatigue life of bare wire and plastic jacked wire rope



A 7xl9" ~ furthes identified as 1
strands of 19 aires each. {6 ctrands
of 19 wires neer a cote of 19 srires.!

'@ye ar« tht«e basic types of
cores 15 wife rope; Reel, assstsral
fibers and synshrtir fibers,

[stLVttstaltO SV]

Strength, Oeubihty, ceerceim sa.
sistance and ooct arc parameters
around «which mast cstrreat meano-
graphic «ire rape h dcaignc& AQ
these factors are inter-related
eacb parameter affeetiag Ihc other

lt is not surprising. therefore, to
find thar tbe tnost commonly used
oceanographic ropes fall within tbe
categories shown belo«.



Bergen Wire Rope

Curvet abotaing fatigue life af bare ta re rope and p aatic jacketed teire rope
I¹ tfaeae typical cureea, cable load ia defined et ttaice  lac cable te¹aio¹, divided
by the bare rope diaetetcr, t ates the pulley diauteter.

SaV aSCS IIO F.

rlT SO
RES
Phillystran+

AIPS
As p
D
d
GAC
G  S
GIPS
GUHS
GRIPS
IWRC
KVdLKR+

Aluninised Zaproved Plov Steel
 Lnplit'ode  Vibration!
Dia¹eter of Test Sheave
Disaster of Cable
Gslvsnised Jlircraft Cable
Galvanised Sigh Strength  Steel!
Gslvani.sed Inproved Plov Steel
Gelvanised Ultra Sigh Strength  Steel!
Galvenised Extra IsSroved Plov  Steel!
Independent  tire Rope Core
E I. dupont Trademark fOr Sraaid
Fibers
Lrnco NITRIC $0 Stainless Steel
Rated Rreak Strength
Philadelphia Resins I¹pregnated
Are¹id Fibers



1.2 Laboratory Testing for Enhanced Undersea Cable Survivability

[Stange 83]

~ Cable testing experience and summaries of test results

~ Experimental testing contributes to improved understanding of failure

mechanisms and helps predict service life

~ The Role of Laboratory Testing, Static and Dynamic Testing, Examples of

Useful Testing  Axial Tension Cycling, Repeated Snap-Load Testing, C'ycled

Bending over Sheaves, Unsupported Bending, Strumming, Design Verificati~in

Testing!, Conclusion





1.3 Fatigue Behavior of Large-Diameter Wire Ropes

[Hanzawa 81]

~ The factors that influence the tensile fatigue strength of large-diameter wire

ropes and the effects of socket materials on wire breakage in sockets

~ The possibility of extrapolation of fatigue data for small diameter wire ropes

in order to predict the service life of large diameter wire ropes  Fig.4j

~ A new wire breakage detector for the interal wire breakage, making use of

acoustic emission and an accelerometer



Table l Specifications of Fatigue Tested Wire Ropes.

IHanxawa 8lj

Table 2 Fatigue Test Conditions.

+ ZC, Zn-Cu Alloy, PE; Polyester Resrn. EX: Epoxy Resin
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Fig. 5 SR-tt Curves at 5X Breakage Rate for Mooring
Ropes.



l.4 Ropes for Deep Water Mooring

IRonson 80]

~ To guide the designers of deep mooring systems and to promote confidence in

wire ropes, confidence based on the production, research, site experience

~ Design, Fatigue, Corrosion, Mode of FaiIure, Further Techniques to lrnprove

Corrosion Resistance, Performance Monitoring, Terminations, llano]ling



Fig. 3 - Sia strand reps character tatics: - tensile fatigea.

Fig. 4 � Spiral strand characteristics : - tension fatigue,

Fig. l - Six strand rope characteristics : - size, noight and
graaking load relationship,

Fig. 2 - Spiral Strand charaotertatiCS: � Sian, weight and
breaking load relet ionship.



1.S Develpments in Fatigue Assessments of Large-Diameter Wire Ropes used

in Offshore Moorings

[Waters 85]

~ Reviews some recent publications and outlines the results of various frill and

half cyc/e tests carried out in the United Kingdom since 1979

~ Concluded that, through his collection of fatigue data from several published

papers, the extrapolation of da,a has been shown to be inappropriate  l' ig,l I



C a
K

N6g4 g5
Cycles to Failure

Fig1 Axial Fatigue Results

Construction of the rope
Ksnufacturer of product
Size   sample length as vali as diameter!
Sample termination
lubrication and testing environment

 internal and external!
i<can load
Lead ranges
Frequency of testing
Sheave/rope diameter ratio for bend tests
Angle of vrap for bend ccats

tbe folloving para-
meters should be considered vhen developing a test
programme:



1.6 The Tensile Fatigue of Wire Rope: a New Approach

[Thorpe 88]

~ The fatigue behavior in air and seawater nf zinc coated steel wire taken froni

a 40-mm diameter wire rope has been studied

~ Experiments: corrosion, fatigue in air, corrosion-htigue and frettin -futile>e

~ Fretting in air has the most deleterious effect on fatigue }if> . Thi» i»

supported by the single datum for air testing from the NEL wire rope te»t».

which lies on the extrapolation of the single wire fretting linc  Fig. >}

~ Synergistic interaction between corrosion and fretting can cause a substantial

reduction in fatigue life for wire ropes in sea water  Fig.7!

~ Fatigue endurance has a strong dependence on stress range, but n» effect <>f

the mean stress has been observed in air  Fig.3!. Also [Matsnzo 7'2], [Lucht

77] and [Ronson 80] derive the same conclusion

~ Corrosion-Fatigue endurance is decreased with increasing mean stress IVig,4!.

This observed trend is contradictory to the results of wire ropes reported in

[Hanzawa 81]



TABLE 1

COATING ENVIRONMENT TEST FREUUENCY
 Hz!

NEAN STRESS
 I UTS!

air 4.0 50

air 4.0 20

4.0seawater

seawater

seawater

air + fretting

50

0.1 50

0.1 20

4.0 50
Hot-dipped
 after removal of balf
coating thickness!

0.1seawater 50

Electrogalvanised air 4.0 50

4.0seawater

seawater

50

0.1 50

 after removal of half
coating thickness!

0.1seawater 50

Bare wire 0.1seawater 50

TABLE 2

RESULTS OF TENSILE TESTS ON SINGLE HIRES  AVERAGE OF THREE TKSTS ON EACH TYPE!

UTS  NPA!TYPE OF l4IRK

Hot-dipped

Electrogalvanised

Hot"dipped after removal of half the coating thickness

Rare wire

Hot-dipped after immersion in seawater for six months

1840

1831

1826

1820

1826

JThorpe 83J

Hot-dipped

Hot-dipped

Hot-dipped

Hot-dipped

Hot-dipped

Hot-dipped

RESULTS OF FATIGUE TESTS ON SINGIE HIRES
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[Tborpe 83I
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FIG. 6. EFFECT OF FRETTING ON FATIGUE LIFE OF HOT -DIPPED WIRE
IN AIR WITH A MEAN TENSILE STRESS a 50% UTS



1.7 Wire Rope

 Gibson 83]

~ Figures are related to basic components of a wire rope, avire roy~
construction, lay, bending stress, Axial fatigue test data for steel rope,and
I!ending fatigue life
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1.8 Factors Affecting Wire Rope in a Marine Environment

[Lucht 77]

~ Wire rope life in a, marine environment, affected by many factors, such as

fatigue, corrosion, deployment methods and combinations of all three fa< tors

~ Fatigue tests by U.S. Steel Corporation plus experience in the Woods l!<>le

Buoy Program

~ Suggested that there may be a fatigue limit for wire ropes in axial ten»i~>n

fatigue  Fig.4!

a Concluded that plastic jacketed, drawn galvanized, torque balanced wire

ropes with booted terminations provide performance superior to any other

wire rope configuration
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Fig. 4 - Axial tension fatigue.

Luchl



Table II breaking Strengths of S/16" 1 a 7 Cslvanisod

Strand After Exposure Por The Period Shovn

Io A Severe Marine Atnosphere

Exposure Period Breaking Strength
Date

jo/12/66
 Befinning of Test!

 Prior to exposure! 12,800

37

120

~Dt tt

1/2" Angel Monitor AA Torque Balanced Rope Elevated

Elastic Linit Hath Polyethylene Jacket

breaki Stree th
 Pounds!

After 22 MOnths
At geaRev

27,050 26,100

~Ftt Lit
12,700

 Avg. of 2!

s
- Cyclee to fai.lure at load range

402 of Catalog Breaking Strength

9/22/67

10/15/68

12/8/69

6/17/74

10/4/76

Table III SEACOH II Rope Test Data

12e900

12,850

12,800

12,900

12,880



TASLE 1
EESDlTS Of AXIAl TERSIOR PATICUE TESTS

load Cyc lee
lllre Rope Sante To

Sixe I Coaetructtoa ~TCet. ! fellate

load Cycles TernL-
Utre Rope RenEe To nation

Sire I Coaatructton  I Cat.! yetlure

Ter%I
net ton

7/8" 6x2S W BQCS/16" Sx19
Torose Salaoced

50
LO
$0
40
40

l/2" 3xl9
Torque-Ralanced

37
37
37

SO
30
30

25
25
25
15
257/8" Sxly

Torque Relented 25
25
451 3/8" dxtS yU IVRC
30

3D
30
30
60
60

3/4" 3x46
Torque-Ra lanced

1-1/2 dx25 ylt IMRCI 1/1" 3x46
Torque Ralaaced

45

30
30
24
38
38

1 3/4" Sxii
Torque Ra2anced 1 5/8" 6x25

2-1/I"
2-22/Id
Strand
 Deed
Coldeo

4a25 yn llIC 45
" dx32 �~ ! 13
Cere 13

Rope t
Cate

13
13
13
13
06
38
SS

ron
Rrtdte!3/I" 6x25 fn IQRC

1-5/8" dxid IMSC

S ~ SusSed Socket
2 o Sine Sockac
E e Epoxy ptlled ttnc Socket
S/b ~ SeeSed Socket vitk Roat

[LU ht 77I

SD
4D
35
30
25
99
89
79
79
69
69
40
IO
ID
40
40
ID
40
50
IO
33
15
20
60
60
40
IO
20
42
~ 0
40
30
20
20
50
SS

30
25
20
15
70
52
35

123tNO 8/S
163 ~ 000 8/9
187,000 8/R

2,000,0DO 8/8
2IDNsON 9/R

660 I
3 ' 319 I
3,531 2
1,221 S
7i432 8
5,080 2

65,300 8
21,798 1
46,000 S
SO~ON Z
ID,OOD 1
35~000 2
30,000 E
39,000 S
27,000 8

206 ~ 000 9
729,000 6

2,000,000 S
26,785 E
ye585 E

92,000 E
60~000 8

2~000~000 E
63 ~ 136 2
81,000 5
95sON 8

129,000 S
1,413~000 8

789,000 8
40,000 8

171,265 2
91,234 1

143,000 8
251e000 8
d57,000 8

1,564,000 8
13,0DO t
1S,OOD I
73e000 2
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97,000 1

269,000 I
126,00D I
SI,MD 2
SS,DDD z
30,000 I
48,000 2

290tDOO I
565,000 2
7S9,000 1
44 ~ 000 1

10S,OOO I
273i000 2
570,000 I
425,000 2
199,000 2

2g000gON 7
1,000,000 I

282,000 t
450,000 8
520,000 I
550i000 1
140,000 2
318,000 E
360~000 8
193eND 8
33,000 I
34,000 t
43,000 2
85,000 Z

148,000 t
460,000 E

1,60,000 2
36,000 8
36,000 1
44,000 2

lidydeON 2
1 ~ 157,000 2
ls183e000 2
2,000,000 2
IeONION 1
Ie657e000 I

158,000 2
74~COD t
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1.9 Axial Fatigue of Wire Rope in Sea Water

[Matanzo 72]

~ The axial fatigue resistance in air snd seawater of wire rope measured in a

laboratory experiment

~ The effect of rope construction and core, as well as the effect of the applied

mean load and load range

~ Concluded that Lang, IWRC wire rope appeared to be the best for marine

applications, although it suffered the greatest loss in fatigue life due to

corrosion  Fig.4!. This conclusion is, however, not in agreement with the API

SPEC. [API 84a] and results from [Acaster 72]

~ Acaster and API SPEC. recommend right lay, regular lay, IWRC, performed,

galvanized or bright bare! wire ropes for mooring systems. [Acaster 72] and

[API 84a, O.23j
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2.1 Long-Term Mooring and Anchoring of Large Structure and Drilling Units
-- Reliability and Safety of Anchor Chain Systems

[Berg 80j

~ In the period 1976-80 more than 25 anchor chain failures have occured in the

North Sea

o The initiation regions of the failures are associated with 4 different kinds of

defects

0 overheating defects in the link bend

o weld defect in or adjacent to the flash butt weld

o brittleness in the HAZ of' study welds

0 inferior impact properties in weld region and base material

Refer to [OTC 50M, 1985] by Taraldsen



Fig. 1 - Anchor chain system - Fafrlead.
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2.2 Failure Analysis of a Calm Buoy Anchor Chain System

[Shoup 84I

~ A wear failure of a catenary anchor chain mooring used to moor a CALM

type buoy

~ Failure Hypothesis, Metallurgy and Wear, Wear Studies, Results of Wear

Studies, Model Test Program, Model Test Results, Synthesis of Model Test

and Wear Test Results

~ The cause of wear failure was excessive wear generated by large values of

interlink force and motion induced by the dynamic behaviour of the

antisymmetric 4-leg mooring pattern  Fig. 1 1 j
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2.3 Toward improving the reliability of snchor chain and accessories

[Stern 78I

~ Present an approach for improving the reliability of mooring svstems for

ships and mobile offshore drilling units

~ Records of equipment failures on ABS classed vessels reported during two

periods, 1965 - 1968 and 1973 � 1977

~ Mooring system components: anchors, anchor shackle, connecl ing link»,

chain  common links!

~ Cases of failure: internal unsoundness, weld unsoundness, brittle failures

~ Minimizing failures



IASLK V

7SXS QC EtlUI R EÃI PATTES

1973-1977 'total1965 ~ 1968C nant

19 21 75 21 94 il

' 5 38 143 40 178 40
4

Anchor

Coons c t ing Link 2

Chain Link

Sitter Eod

21 23 75 21 96 21

16 18 66 18 82 18

Torsi 91

Approx. So. of
Ship Years 95. 00070, ON

l. All failures vere associated vith ships vith the exception of tvo
drilling unit failures  ooe connecting link and one chain c~
link failure!.

2, Many reports did not clearly discrininate uhen the failure vas reported
~ s an "Anchor Shackle," hetveen the archer shackle and an adjacent
!sining shackle - therefore the category includes sons anchor shackle
 ruing! failures ~

4. A totalof 67 of these failures wre reported as Anchor Shackle failures,
although it vas apparent fran exanioat ion of survey reports that «ny
vere actually failures of the first chain !sining shackle.

TAblg Vl

EQUXPIVKHT FAILURES ARTIE AÃCtga AHD SITTER END EEClfjUED

Veiluree
1 Excl, Anchor

Cpsonerit
2 Encl. Anchor 6

bitter End
W of Total

Anchor

Sitter End

Chain

Connecting Link

2318

2721

655040

'Total 100

3. 7tost bitter and failures vere related to vtndlass «lfunction or operator
~ rrore
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2.4 Preload Influence on Fatigue Characteristics of Chain Cable Exposed to
Salt Water and Atmospheric Conditions

ICelander 72]

~ Stress conditions of an anchor chain link

~ Fatigue tests by the laboratories of Domnarverts Jernverk in Sweden

~ Fatigue Characteristics of corroded and uncorroded links of special;ill<>y  !il

Rig Quality

~ The fatigue tests show the negative effect of corrosion and the favourabh

effect of preload, as expected  Fig.4!

~ The proof load, or preload, stiffens up the material and changes the stress

picture in a favourably way, because a repeated load on a proof-loaded link

must first overcome the negative stress at the most exposed point of the link

 Fig.2!





Netr.t ~ of b~atin6 load

18

16

16

15 ~~set ~
Fig. 4

[Celan der 7g!
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2.5 Anchor Chain Fractures

[Taraldsen 851

~ Statistics from 81 well-documented fractures are given

~ Chain Quality, Fracture Appearance, Proof Load, Influence of Fairleads and

Probability Aspects are discussed

~ Unstable failure of a, brittle manner is found to be the major failure

mechanism preceded by little or no fatigue cracking



Anchor Chain Fractures

81 well-dor.umented fraotsres
The fraarrres a e rnarn!1 from the Nonh Sea, mam!y for lhe last 9

y:ars and the bulb ot them aborn 2'3, rs from Norwegian. owned rrgs

FIG. 2. Sourcee of Information

FIG. 3. Hufnber of different klncfe of Freoture

ITaraldsea 8&I



HW= HARD WEATHER . i =CHASING ETC
/

FIG 4 Locate of 86 Cleirt Fractures  'l4 Ki',!

Taraldsen

INDEX S= RRNT, C = CARRJRIZEP, E= ELKTRClX RJRhHIARK
F= FATIGUE, L= OVERLOAD, 5= %EAR  8 SNE MARK

FIG 5 Location of 42 Fractures
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2.6 Summary of the 4-Year Research Project: Anchor Chain Cables

OA'shore

 I.ereim 85]

~ Aspects related to the reliability of offshore mooring chains of the grade oil

Rig Quality

~ The Veritas Joint Industry research project was performed on 76 mm and 40

mrn diameter chains of common links and connecting links at 3 cyclic load

levels in air  Fig.3!

~ Connecting links of Kenter type should be avoided in lines used for long-term

permanent moorings, where fatigue considerations may become critical

~ Fracture Strength and Toughness, Fatigue Strength, Stress Analysi~ and l,ine

Tension Analysis, Reliability of Applied NDE Method



the Veritas 3oint Industry Research Project

P
pr

.5

.4

.2

>O5 IO6 to'
Nf, NO. OF CYCLES TO FAILURE

fO4

Fig 3 Fatigue tests ORQ Chain

Fatigue tests ~ere performed on 76mm and 00mm
diameter chains of ordinary links and connecting links.
Testing was performed at 3 cyclic load levels only, and in
air environment. Therefore, the erperimentai fatigue results
should mainly be treated as reference test results and not as
the typical real fatigue strength an corrosive environment.

Lereim



4.4

TEsS I IOI

2.0

Fig. 6 Stress and SCF profile in midplane of link in pure
tension loading.

4.6 2.2

Fig. 7 Stress and SCF profile in mid plane for
tension/bending loading of vertical link.

fLereim Ssa!-



Fig. 4 Severe localized SCF in Kenter link.

the high ~ stress concentrations must be
reduced, for example by increasing the minimum allouabk
groove radius and grinding the intersecting corners.

Lereim



2.7 Static and Fatigue Tests on Chain Links and Chain Connecting Links

[Helvoirt 82I

e The static strength and the fatigue strenth of common 3-inch stud-link chain

and of various types of 3-inch conneting links

~ The connecting elements have been found to be the weakest part in each

mooring line

~ Kenter-type connecting link, Baldt-type connecting link D-shackles
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SHELL LABORATORIES RIJSiVIJK

alternating load ~as chosen between 800-1200 k'H,
because: a! a mean Of 1. 0 F04 ia reali etio in 3-inCh

anchorline des ign,
 b! a range of 400 kH leads to an expected fati~e

life of 1 - 2x!D CYcles xn the coesaon links
� ccordl ng 'to hÃS AA! ~

Table 92

SUt!CHARY OF RESULTS OF FATIGUE TESTS

[Helvoirt 82!
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